Introduction
============

Cardiovascular and cerebrovascular diseases, especially those caused by atherosclerosis (AS), are the main causes of death in aging societies.[@b1-ijn-9-5575],[@b2-ijn-9-5575] Substantial evidence demonstrates that AS is a diffused disease, which is characterized by endothelial injury, cholesterol deposition, and inflammation in lumen.[@b3-ijn-9-5575],[@b4-ijn-9-5575] In AS progression, monocytes derived from the blood or bone marrow migrate into endothelial injury sites and differentiate into macrophages, which secrete a variety of inflammatory cytokines, stimulating smooth muscle cell proliferation, migration, and extracellular matrix remolding.[@b5-ijn-9-5575],[@b6-ijn-9-5575] A high macrophage content is one of the main factors associated with an elevated risk of atherosclerotic lesions (eg, unstable plaque rupture and thrombosis), thus, macrophages are one of the most promising therapeutic targets for treating AS.[@b7-ijn-9-5575],[@b8-ijn-9-5575] Therefore, developing an effective noninvasive method for the early detection of macrophage content may improve diagnosis and characterization of AS, and will likely provide new insights into the pathophysiology of AS.

Molecular imaging profoundly influences preclinical research and future clinical cardiovascular medicine in many ways, such as in the early diagnosis and assessment of chronic diseases.[@b9-ijn-9-5575]--[@b11-ijn-9-5575] Promising molecular imaging instruments such as computed tomography (CT) have high spatial and high density resolutions, which have great potential for the risk-stratified detection of atherosclerotic lesions and may be used to identify patients at higher risk of acute cardiovascular events.[@b12-ijn-9-5575],[@b13-ijn-9-5575] However, to improve the diagnostic efficiency and accuracy of CT imaging, contrast agents are usually prerequisite to enhance the density and resolution of the target sites.[@b14-ijn-9-5575],[@b15-ijn-9-5575] The commercially available clinical CT imaging contrast agents are iodine-based agents (eg, iohexol) that have several drawbacks, including low k-edge energy, renal toxicity, high internal scattering, short imaging time, and lack of specificity.[@b16-ijn-9-5575],[@b17-ijn-9-5575] Sophisticated contrast agents need to be synthesized, characterized, and applied for molecular CT imaging to resolve these limitations.

Gold nanoparticles (AuNPs), one of the most promising sophisticated contrast agents, have drawn more attention over the past few years because of their stability, low toxicity, and high X-ray attenuation coefficients.[@b18-ijn-9-5575],[@b19-ijn-9-5575] Furthermore, AuNPs are relatively small, allowing them to easily cross the reticuloendothelial system to penetrate the underlying tissues, which provides them a much longer half-life in blood circulation than conventional iodine-based imaging agents[@b20-ijn-9-5575],[@b21-ijn-9-5575] and facilitates their uptake by macrophages in AS. Previous studies have shown that AuNPs synthesized using fifth generation amine-terminated poly(amidoamine) (PAMAM) dendrimers or G5.NH~2~ can be acetylated for in vivo CT imaging of murine vessels.[@b14-ijn-9-5575],[@b17-ijn-9-5575],[@b22-ijn-9-5575] The excellent imaging capabilities of dendrimer-entrapped gold nanoparticles (Au DENPs) indicate that these nanoparticles (NPs) can also be used for CT imaging of macrophages in atherosclerotic lesions in vitro and in vivo.

In the present study, Au DENPs modified with polyethylene glycol (PEG) and fluorescein isothiocyanate (FI) were synthesized, characterized, and tested for murine macrophage uptake in vitro. Furthermore, the biocompatibility and cytotoxicity of Au DENPs were evaluated for cell viability using a cell counting kit-8 (CCK8) assay, cell cycle progression and apoptosis through flow cytometric analysis, and macrophage-specific markers through an immunofluorescence assay. The macrophage uptake of Au DENPs was investigated by silver staining, fluorescence microscopy, and transmission electron microscopy (TEM). Subsequently, the in vivo kinetics and biodistribution of Au DENPs in the blood pool and in macrophage-rich tissues were evaluated through micro-CT after intravenous injection in an apolipoprotein E knockout mice (ApoE-KO) AS model. Normally, the AS models are detected by magnetic resonance imaging in clinical diagnosis. To our knowledge, this is the first report related to the development of multifunctional Au DENPs modified with PEG to diagnose ApoE-KO mice with AS models for in vitro and in vivo CT imaging.

Materials and methods
=====================

Synthesis and characterization of FI-labeled PEGylated Au DENPs
---------------------------------------------------------------

FI-labeled PEGylated Au DENPs were designed and tested as described in our previous work.[@b17-ijn-9-5575],[@b23-ijn-9-5575] *m*PEG-MAL (Shanghai Yanyi Biotechnology Corporation, Shanghai, People's Republic of China) dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich Co., St Louis, MO, USA) were added into G5.NH~2~ dendrimer solution (Dendritech, Inc., Midland, MI, USA) in DMSO with vigorous magnetic stirring. The mixture was stirred continuously for 3 days to complete the reaction. FI in DMSO was subsequently added dropwise to the reaction solution, which was allowed to react for another day (G5.NH~2~:*m*PEG-MAL:FI mole ratio of 1:20:5). The reaction mixture was extensively dialyzed thrice against 4 L of phosphate-buffered solution (PBS) and thrice against 4 L of water for 3 days to remove the excess reactants and byproducts, and then lyophilized to obtain the G5.NH~2~-FI-*m*PEG.

The synthesis of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs was adopted from a previous report.[@b17-ijn-9-5575] HAuCl~4~ solution (2 mL in water/methanol \[volume per volume =2:1\]) was added into an aqueous G5.NH~2~-FI-*m*PEG solution (20 mg, 10 mL) under vigorous stirring. Thirty minutes later, ice-cold NaBH~4~ solution (1 mL, water/methanol \[volume per volume =2:1\]) with more than four times the molar amount of Au salt was added to the gold salt/dendrimer mixture under stirring, and the stirring process was continued for 2 hours to complete the reaction. Subsequently, triethylamine (more than five times the molar amount of G5 PAMAM) was added to the mixture under magnetic stirring. Thirty minutes later, acetic anhydride (31.0 μL, 324 mm, more than four times the molar amounts of the G5 PAMAM total primary amines) was added into the mixture solution; after that, the mixture was reacted for 24 hours. After being dialyzed and washed three times by PBS, we got the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs.

Characterization techniques
---------------------------

Ultraviolet--visible (UV-vis) spectra were recorded using a Lambda 25 UV/Vis spectrometer (PerkinElmer Inc., Waltham, MA, USA). The samples were dissolved in water before the experiments. TEM was performed using a JEOL 2010F analytical electron microscope (JEOL, Tokyo, Japan) operating at 200 kV. Aqueous FI-labeled PEGylated Au DENP solution (1 mg/mL) was dropped onto a carbon-coated copper grid and air-dried before the measurements. The size distribution histogram of the FI-labeled PEGylated Au DENPs was measured using ImageJ software. For each sample, 300 NPs from different TEM micrographs were randomly selected to analyze their size.

Cytotoxicity assay of FI-labeled PEGylated Au DENPs
---------------------------------------------------

The Ana-1 murine macrophages (Shanghai Cell Bank of the Chinese Academy of Sciences, Shanghai, People's Republic of China) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Gaithersburg, MD, USA) with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin at 37°C under a humidified 5% CO~2~ atmosphere. To quantify the cell viability under different PEGylated Au DENP concentrations, a Dojindo Laboratories' CCK-8 test (Kumamoto, Japan) was used. Ana-1 cells at 1×10^4^ cells/well were cultured for 24 hours, then new medium containing FI-labeled PEGylated Au DENPs with different Au concentrations (0, 100, 200, 300, and 400 μM) was added. After 24 hours of incubation, 10 μL of CCK-8 in 100 μL RPMI 1640 medium was added and incubated for 2 hours. Absorbance was analyzed at 450 nm.

Cellular uptake of FI-labeled PEGylated Au DENPs
------------------------------------------------

The macrophage uptake of FI-labeled PEGylated Au DENPs was verified by several methods, including silver staining, fluorescence microscopy, and TEM according to the manufacturer's protocols as we previous reported.[@b15-ijn-9-5575],[@b17-ijn-9-5575]

For silver staining experiments, the Ana-1 cells were seeded (1×10^6^/well) for 24 hours and treated with different Au concentrations (0, 100, and 300 μM) for 4 hours. After washing, the cells were fixed and stained with silver reagents. Then the cells were washed thrice with double distilled water and stained with 1% nuclear fast red to stain their nuclei. After washing, they were observed under a light microscope (Olympus Corporation, Tokyo, Japan).

Fluorescence microscopic analysis was performed according to previously established methods using a fluorescence microscope (Nikon Corporation, Tokyo, Japan).[@b24-ijn-9-5575] Ana-1 cells were seeded at 1×10^6^ cells/well for 24 hours and treated with medium containing FI-labeled PEGylated Au DENPs with different Au concentrations (0, 100, 200, 300, and 400 μM). After 24 hours of incubation, the macrophages were fixed with 4% paraformaldehyde (PFA) for 20 minutes and washed thrice with PBS. After being treated in 0.3% Triton-X 100, the cells were then blocked with 10% goat serum at 37°C for 30 minutes. The cells were incubated overnight with F4/80 antibodies (rat anti-mouse, 1:500; Abcam, Cambridge, UK) at 4°C and secondary Alexa Fluor^®^ 555 antibodies (goat anti-rat, 1:500; Thermo Fisher Scientific, Waltham, MA, USA). The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, 1:500; Dako Denmark A/S, Glostrup, Denmark) using a standard procedure. Sample cells were recorded with a fluorescence microscope (Olympus Corporation).

For TEM imaging of the cellular internalization of the FI-labeled PEGylated Au DENPs, Ana-1 cells were seeded at 3×10^6^ in 25 cm^2^ culture flasks for 24 hours and incubated with FI-labeled PEGylated Au DENPs (3.0 μM) for 24 hours at 37°C. After washing, the cells were fixed and dehydrated using a graded ethanol series (30%, 50%, 70%, 95%, and 100%) and embedded with Epon 812 (Shell Chemicals, Stanlow, UK). The embedded cells were then cut into 75 nm thick sections. After counterstaining with uranyl acetate and lead citrate for 5 minutes, the samples were photographed with a TEM (Hitachi Ltd., Tokyo, Japan) at the voltage of 60 kV.

In vitro micro-CT imaging
-------------------------

Ana-1 cells were grown in 25 cm^2^ flasks at a density of 3×10^6^ cells/flask and incubated for 4 hours with FI-labeled PEGylated Au DENPs with 100 and 300 μM Au at 37°C. The control flasks were treated with RPMI 1640 medium alone. After washing, the cells were trypsinized and resuspended in a 0.5 mL Eppendorf tube containing approximately 5.0×10^6^ Ana-1 cells. The cell pellets in each tube were scanned using a micro-CT (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) according to the manufacturer instructions.

In vivo micro-CT imaging
------------------------

Animal experiments and animal care were in accordance with the protocols of Shanghai JiaoTong University School of Medicine. ApoE-KO (C57BL/6 background) mice and C57 mice were purchased from Shanghai Research Center for Model Organisms (Shanghai, People's Republic of China). Male ApoE-KO mice (n=9) with a mean age of 11±1.6 months were fed a Western diet (containing 21% fat, 0.15% cholesterol) for at least 6 months before the experiment. The mice were anesthetized using an intraperitoneal dose of pentobarbital sodium (40 mg/kg). Au DENPs (0.4 μmol Au per g body weight, \[Au\] =0.2 M) dispersed in PBS were then given intravenously into the mice tail veins. Age-matched C57 mice were used as the negative control (n=3). All mice underwent a baseline scan at first, followed by micro-CT scans at 20 minutes and 2, 4, and 6 hours postinjection using a GE Healthcare imaging system.

Histologic staining
-------------------

The mice were euthanized after micro-CT imaging. The heart, lungs, stomach, spleen, liver, intestines, kidneys, testicles, blood, and brain were harvested, weighed, and cut into 1 mm^3^ to 2 mm^3^ pieces and immersed in aqua regia solution for 4 hours. The Au content was quantified by an inductively coupled plasma atomic emission spectroscopy (ICP-AES) system (Prodigy; Leeman, Hudson, NH, USA).

For histologic staining, the animals were anesthetized and perfusion-fixed after micro-CT scanning. The heart, lungs, liver, spleen, kidneys, intestines, and blood vessels were extracted and fixed in 4% PFA. The organs were then dehydrated and embedded in paraffin. The samples were cut into 5 μm sections, deparaffinized, and washed with PBS to obtain pretreatment sections.

For hematoxylin and eosin (HE) staining, the pretreated sections were washed and dipped into hematoxylin staining for 3--5 minutes. Subsequently, the sections were rinsed with distilled water for 10 minutes and stained with 1% eosin Y solution for 2 minutes. Finally, the sections were dehydrated and observed through a Nikon optical microscope.

For silver staining, the pretreated sample sections were counterstained with a silver enhancement kit, and then washed with distilled water and stained with 1% nuclear fast red for 5 minutes. After washing thrice with PBS, the sections were air-dried, dehydrated, and mounted onto coverslips for light microscopy.

For immunohistochemical staining, the paraffin-embedded arteries and organ tissue sections were deparaffinized, washed, treated with 3% hydrogen peroxide for 15 minutes at 37°C to inactivate endogenous peroxidases, and washed thrice. The sections were then blocked for 30 minutes with 10% goat serum, and incubated for 2 hours with CD68 macrophage antibodies (rat monoclonal antibodies, 1:200) at 37°C. After thorough washing thrice with PBS for 5 minutes, the samples were incubated with secondary biotinylated antibodies (goat anti-rat, 1:200) at 37°C for 45 minutes. The sections were washed and incubated for 15 minutes with ABC complex reagent. The sections were stained with 3,3′-diaminobenzidine and washed with PBS, and then counterstained for 5 minutes with hematoxylin. After being air-dried and dehydrated, the sections were photographed under a light microscope. The sections were similarly incubated but without the primary antibodies as the negative control.

Statistical analysis
--------------------

All of the quantitative data are expressed as means ± standard deviation (SD). A paired *t*-test was applied to compare the differences between two groups using SPSS software (v16.0; IBM Corporation, Armonk, NY, USA). A one-way ANOVA was used to compare multiple groups, and significant differences were further analyzed through least significant difference (LSD). Differences with *P*-value \<0.05 were considered statistically significant and labeled with (\*).

Results and discussion
======================

Synthesis of FI-labeled PEGylated Au DENPs
------------------------------------------

Intravenous injection of PEGylated Au DENPs allows higher Au loading and effective blood pool imaging in mice.[@b17-ijn-9-5575] In this study, we conjugated FI to G5.NH~2~ dendrimers, which have excellent fluorescence-labeling effects for in vivo biological tracking and CT imaging.

G5.NH~2~ dendrimers were modified successively with *m*PEG-MAL and FI to produce G5.NH~2~-FI-*m*PEG conjugates ([Figure 1](#f1-ijn-9-5575){ref-type="fig"}). The formed G5.NH~2~-FI-*m*PEG were used as templates to synthesize \[(Au^0^)~300~-G5.NH~2~-FI-*m*PEG\] DENPs, which were further acetylated to neutralize the dendrimer terminal amines ([Figure 1](#f1-ijn-9-5575){ref-type="fig"}). The obtained \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs were tested using ^1^H nuclear magnetic resonance (NMR). The ^1^H NMR spectrum of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs is shown in [Figure S1](#SD1-ijn-9-5575){ref-type="supplementary-material"}. The proton signal of the double bond in the benzene ring of FI (6.4 ppm to 6.7 ppm) indicated the successful nucleophilic addition of the dendrimer terminal amines ([Figure 1](#f1-ijn-9-5575){ref-type="fig"}). The (−CH~2~−CH~2~O−) protons at 3.6 ppm and the −COCH~3~ protons at 1.87 ppm are consistent with the results of our previous work on similarly synthesized Au DENPs.[@b14-ijn-9-5575],[@b17-ijn-9-5575]

The formation of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs dispersed in water (pH 6.0) at 25°C was confirmed through UV-vis spectrometry ([Figure 2A](#f2-ijn-9-5575){ref-type="fig"}). The signal at around 500 nm to 510 nm was due to the overlap of the characteristic absorption peak of FI and the surface plasmon resonance peak of the AuNPs, which is in accordance with previous reports.[@b17-ijn-9-5575],[@b23-ijn-9-5575] The morphology and size of the formed \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs were also characterized by TEM. The TEM micrographs of the \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs are shown in [Figure 2B](#f2-ijn-9-5575){ref-type="fig"}. The size of the AuNPs at a given gold salt/dendrimer molar ratio was in a relatively narrow range (approximately 2--5 nm), which suggests that the formation and growth of the AuNPs were effectively restricted within the G5.NH~2~-FI-*m*PEG templates.

Stability of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs
-----------------------------------------------------

The stability of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs is prerequisite for their further biological applications. Data from the literature demonstrated that the changes in the absorption characteristics in the UV-vis spectrum effectively reflect the degree of AuNP aggregation.[@b17-ijn-9-5575] Therefore, the stability of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs under various pH and temperature conditions was analyzed through UV-vis spectrometry ([Figure S2](#SD2-ijn-9-5575){ref-type="supplementary-material"}). The UV-vis spectra of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs dispersed in PBS with different pH values were studied at 25°C ([Figure S2A](#SD2-ijn-9-5575){ref-type="supplementary-material"}). The spectra of all the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs did not significantly change at pH ranging from 5 to 8, which suggests that PEGylated Au DENPs with different compositions are stable within the pH range.

The stability of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs dispersed in water (pH 7.0) at different temperatures (4°C, 25°C, 37°C, and 50°C) was similar to those with the same compositions at 25°C ([Figure S2B](#SD2-ijn-9-5575){ref-type="supplementary-material"}), which suggests that the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs do not aggregate from 4°C to 50°C. Thus, the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs are stable at different temperatures and pH conditions, which is crucial for their application as contrast agents in CT imaging. FI-labeled PEGylated dendrimers (G5. NH~2~-FI-*m*PEG) also effectively have higher Au loading and exceptional colloidal stability even after the remaining dendrimer terminal amines were acetylated, which is mainly attributed to the expanded dendrimer periphery after partial PEGylation.

Hemolytic assay of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs
-----------------------------------------------------------

Hemolytic assays are important for NPs designed for in vivo applications, especially if the NPs will come into contact with blood. The hemocompatibility of the \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs was tested as in our previous report.[@b14-ijn-9-5575] The hemolytic effect of the formed Au DENPs was investigated through measuring the absorbance of the supernatant at 577 nm after exposing the particles to a human red blood cell (HRBC) suspension for 2 hours and centrifugation ([Figure 3](#f3-ijn-9-5575){ref-type="fig"}). The absorbance at 577 nm is attributed to the hemoglobin released by ruptured HRBCs ([Figure 3A](#f3-ijn-9-5575){ref-type="fig"}). Unlike the positive control (water), the formed Au DENPs induced lysis of less than 5% of the HRBCs at 0--400 μM Au ([Figure 3B](#f3-ijn-9-5575){ref-type="fig"}). These results confirm the excellent hemocompatibility of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs and the feasibility of using these NPs for in vivo blood CT imaging applications.

Cytotoxicity of PEGylated Au DENPs
----------------------------------

A previous study debated whether increased intracellular Au DENPs induces lipid peroxidation and damages DNA, which may lead to cell apoptosis and death.[@b25-ijn-9-5575] Therefore, the cytotoxicity of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs was evaluated in vitro through a CCK-8 assay prior to their application in molecular CT imaging.

The CCK-8 assay showed that Ana-1 cells incubated with different Au concentrations (100--300 μM) have similar cell viabilities (as high as 90%) as the untreated control cells (*P*\>0.05, n=4; [Figure 4](#f4-ijn-9-5575){ref-type="fig"}). Relative cell viability was only slightly affected up to an Au concentration of 400 μM ([Figure 4](#f4-ijn-9-5575){ref-type="fig"}). The nontoxicity of the Au DENPs up to 300 μM Au demonstrates that PEGylation modification greatly improves the biocompatibility of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs.

Macrophage uptake of FI-labeled PEGylated Au DENPs
--------------------------------------------------

The \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs must be phagocytosed by macrophages to prolong the CT imaging time of macrophages in atherosclerotic lesions. In vitro silver staining showed numerous dark granules in the cytoplasm of Ana-1 cells incubated for 4 hours with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs (\[Au\] =100 μM and 300 μM), which were darker at higher Au concentrations ([Figures 5B and C](#f5-ijn-9-5575){ref-type="fig"}). In contrast, no dark granules were detected in the negative control cells ([Figure 5A](#f5-ijn-9-5575){ref-type="fig"}). These results demonstrate that the Au DENPs effectively target macrophages.

Immunofluorescence double staining was used to verify the colocalization of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs with macrophages. As shown in [Figure 6](#f6-ijn-9-5575){ref-type="fig"}, the red-fluorescent Alexa Fluor^®^ 555-labeled anti-F4/80, which specifically targets macrophages,[@b26-ijn-9-5575] were colocalized with the green-fluorescent FI-labeled Au DENPs. The colocalization areas of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs and macrophages appeared yellow. Therefore, each FI-coated particle was associated with macrophages. By contrast, no green fluorescence was observed in the cytoplasm of the untreated control Ana-1 cells (data not shown). The FI fluorescence increased with increasing \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENP concentration, as shown in [Figures 6A--D](#f6-ijn-9-5575){ref-type="fig"}, demonstrating greater macrophage uptake of Au DENPs in accordance with the results of silver staining.

The murine macrophages treated with the \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs were observed under TEM to determine the distribution of the particles in the subcellular structures ([Figure S3](#SD3-ijn-9-5575){ref-type="supplementary-material"}). After treatment with the \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs (\[Au\] =300 μM) for 4 hours, numerous black particles were observed in the cytoplasm ([Figure S3A](#SD3-ijn-9-5575){ref-type="supplementary-material"}), especially in the lysosomes ([Figure S3B](#SD3-ijn-9-5575){ref-type="supplementary-material"}). The \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs, in small aggregates, were inside vacuoles dispersed throughout the cytoplasm (red arrows). By contrast, no black particles were observed in the cytoplasm of the untreated Ana-1 cells ([Figures S3C and D](#SD3-ijn-9-5575){ref-type="supplementary-material"}). The TEM results demonstrated that the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs were phagocytosed by the macrophages instead of adhering onto the cell surfaces. Furthermore, the TEM imaging analyses also confirm that incubating the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs with Au concentrations as high as 300 μM does not affect macrophage morphology, which is consistent with the CCK-8 cell viability assay results. The internalization of the NPs likely occurs through two distinct mechanisms: through phagocytosis and through endocytosis via cell membrane, which are consistent with previous reports.[@b19-ijn-9-5575]

In vitro micro-CT imaging of macrophages
----------------------------------------

The good biocompatibility of the designed \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs inspired us to determine their potential as nanoprobes for the CT imaging of macrophages in vitro. After incubating the macrophage pellets with Au DENPs for 4 hours, they were subjected to a micro-CT ([Figure S4A](#SD4-ijn-9-5575){ref-type="supplementary-material"}). The macrophage pellets incubated with Au DENPs were bright, whereas the control pellets incubated with RPMI 1640 media were indistinguishable from the background. The CT signal intensity was quantitatively analyzed to differentiate the brightness of the macrophages pellets treated with different Au concentrations ([Figure S4](#SD4-ijn-9-5575){ref-type="supplementary-material"}). The CT values of the macrophage pellets treated with 100 μM and 300 μM Au were higher than those of the untreated control cells ([Figure S4B](#SD4-ijn-9-5575){ref-type="supplementary-material"}). Furthermore, the Ana-1 cells incubated with 300 μM (Au concentration) showed significantly higher X-ray attenuation than those treated with 100 μM Au (*P*\<0.05, n=3). The X-ray attenuation was directly proportional to the Au DENP concentration, which further demonstrates the potential of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs as contrast agents for blood CT imaging of macrophages in AS.

In vivo micro-CT imaging of atherosclerotic model
-------------------------------------------------

To evaluate the availability of using \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs for early AS imaging, the FI-labeled PEGylated Au DENPs were intravenously injected into ApoE−KO mice. The mice were established as AS mouse models, similar to human AS by feeding them a high- cholesterol diet for 6 months.[@b27-ijn-9-5575],[@b28-ijn-9-5575] Age-matched wild-type C57 mice were used as the negative control group. Before Au DENP injection, all mice underwent a baseline CT scan for comparison, followed by scans at 20 minutes and 2, 4, and 6 hours postinjection. Representative micro-CT images of the ApoE-KO mice at the transectional, coronal, sagittal, and 3D planes are shown in [Figure 7](#f7-ijn-9-5575){ref-type="fig"}. The renal vein is indicated by a white arrow ([Figure 7A](#f7-ijn-9-5575){ref-type="fig"}), the inferior vena cava by a yellow arrow ([Figures 7A--C](#f7-ijn-9-5575){ref-type="fig"}), and the pulmonary artery by a red arrow ([Figure 7D](#f7-ijn-9-5575){ref-type="fig"}). In the sagittal plane ([Figure 7B](#f7-ijn-9-5575){ref-type="fig"}) and the coronal plane ([Figure 7C](#f7-ijn-9-5575){ref-type="fig"}) of the micro-CT image, the yellow arrow indicates the inferior vena cava, which can be clearly distinguished in the micro-CT images. In addition, the liver regions of mice were also easily discerned at 2, 4, and 6 hours postadministration of PEGylated Au DENPs in the reconstructed 3D CT images ([Figures 7E and F](#f7-ijn-9-5575){ref-type="fig"}). Our results demonstrate that modification of Au DENPs with PEG molecules can prolong the blood circulation time in ApoE-KO mice.

Mice injected with the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs exhibited significantly higher CT values compared with untreated mice ([Figure S5](#SD5-ijn-9-5575){ref-type="supplementary-material"}). Moreover, the Au DENPs diffused into entire vessels and the atherosclerotic vessel regions gradually became clearer after injection. The CT values of the atherosclerotic vessels remained significantly higher than that of the areas before injection until 6 hours postinjection. No significant difference was observed between the muscles and the vessel walls in regions devoid of macrophages, as confirmed through histopathology ([Figure 8](#f8-ijn-9-5575){ref-type="fig"}). \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs at 300 μM significantly enhanced the CT values compared with the areas before injection ([Figure S5](#SD5-ijn-9-5575){ref-type="supplementary-material"}), which suggests that the macrophages may take up the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs, as in previous reports.[@b29-ijn-9-5575],[@b30-ijn-9-5575]

In vivo biodistribution of \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs for atherosclerotic model
----------------------------------------------------------------------------------------------

The biodistribution of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs at 6 hours postinjection was also determined through ICP-AES to quantify the Au concentration in the major organs such as the heart, lungs, stomach, spleen, liver, intestines, kidneys, testicles, blood, and brain ([Figure S6](#SD6-ijn-9-5575){ref-type="supplementary-material"}). As shown in [Figure S6](#SD6-ijn-9-5575){ref-type="supplementary-material"}, the liver had the highest Au uptake. The longer half-life of the PEGylated Au DENPs compared with the AuNPs (12.5 hours) reported in our previous study[@b17-ijn-9-5575] suggests that PEGylation of Au DENPs prolongs their retention time in the blood, which is essential for application in both blood pool CT imaging and AS CT imaging via enhanced permeability and retention effect. Detailed pharmacokinetic investigations of the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs at longer periods are necessary to determine their long-term biodistribution.

Histologic staining
-------------------

The arteries and major organs of the ApoE-KO mice were subjected to HE staining, silver staining, and immunohistochemical staining and observed at 6 hours after intravenous \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs injection to examine its metabolism and distribution. By HE staining, the atherosclerotic arteries in Apo E-KO mice ([Figure 8A](#f8-ijn-9-5575){ref-type="fig"}) showed the atheroma with large necrotic core, thin fibrous cap, and abundant macrophages compared with C57 control mice ([Figure 8B](#f8-ijn-9-5575){ref-type="fig"}). The atherosclerotic arteries were also stained with silver to verify whether the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs were phagocytosed by the macrophages in atherosclerotic sites. [Figure 8C](#f8-ijn-9-5575){ref-type="fig"} shows numerous black spots in the atherosclerotic atheroma, which suggest the presence of AuNPs. By contrast, no black spots were observed in the negative control group ([Figure 8D](#f8-ijn-9-5575){ref-type="fig"}).

To investigate whether the macrophages in atherosclerotic arteries preferentially took up the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs, the macrophage-specific marker CD68 was used in immunohistochemical staining of the aorta and major organs. The black spots from silver staining in the atherosclerotic arteries were significantly correlated with the intensity of macrophage infiltration in the atherosclerotic arteries ([Figures 8C and E](#f8-ijn-9-5575){ref-type="fig"}). At 6 hours after injection, all Au-containing cells were positive for CD68 staining ([Figure 8E](#f8-ijn-9-5575){ref-type="fig"}), which further confirms that the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs were taken up by the macrophages. In contrast, the macrophages in the control groups did not take up the \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs ([Figures 8D and F](#f8-ijn-9-5575){ref-type="fig"}). This result is consistent with earlier studies wherein molecular probes were used to detect and assess macrophages in atherosclerotic lesions through magnetic resonance imaging.[@b30-ijn-9-5575],[@b31-ijn-9-5575] At 6 hours postinjection, small amounts of Au were still present in the spleen, liver, lungs, and kidneys, but no Au was observed in the heart and intestines ([Figure 9](#f9-ijn-9-5575){ref-type="fig"}). This result implies that the metabolic rates in the heart and intestines were higher than in the spleen, liver, lungs, and kidneys.

Conclusion
==========

In summary, Au DENPs with PEG and FI coatings were synthesized, characterized, and investigated in murine macrophages. The CCK-8 cell viability analyses show that PEGylated Au DENPs are noncytotoxic up to 300 μM Au. The morphology and localization of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs were examined through silver staining, fluorescence microscopy, and TEM. We demonstrated that macrophage recruitment to atherosclerotic lesions could be visualized noninvasively and dynamically in live animals using micro-CT. Moreover, considering the unique structural characteristics of the Au DENPs that can be further modified with various targeting ligands (eg, antibodies, folic acid, and Arg-Gly-Asp peptide), the designed PEGylated Au DENPs are a promising biocompatible contrast agent for CT imaging macrophages in atherosclerotic lesions and will provide new insights into the pathophysiology of AS and other inflammatory diseases.

Supplementary materials
=======================

###### 

^1^H NMR spectra of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs (D~2~O).

**Note:** The arrow indicates the proton signal of the double bond in the benzene ring of FI (6.4 ppm to 6.7 ppm) indicating the successful nucleophilic addition of the dendrimer terminal amines.

###### 

UV-vis spectra of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs dispersed in (**A**) phosphate buffer (pH =5--8) at room temperature (25°C) and (**B**) in water solution (pH =7.0) at different temperatures (4°C--50°C).

**Abbreviations:** DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol; UV-vis, ultraviolet--visible.

###### 

TEM images of macrophages.

**Notes:** (**A**) cells incubated with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs at the Au concentration of 300 μM for 4 hours; (**B**) magnified view of the square area in (**A**) -- the red arrows in (**B**) show the AuNPs located at the lysosomes; (**C**) negative control cells without treatment; (**D**) magnified view of the square area in (**C**).

**Abbreviations:** AuNPs, gold nanoparticles; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol; TEM, transmission electron microscopy.

###### 

(**A**) Representative in vitro transverse micro-CT images of the macrophage pellets incubated with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs with different Au concentrations for 4 hours and (**B**) the CT values of the macrophage pellets incubated with different concentrations of Au (n=3). \*There are significant differences among the three groups.

**Abbreviations:** CT, computed tomography; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol.

###### 

The CT values (HU) of different organs before injection and at 20 minutes and 2, 4, and 6 hours after intravenous injection of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs.

**Abbreviations:** CT, computed tomography; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; IVC, inferior vena cava; PEG, polyethylene glycol.

###### 

The biodistribution of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs in different organs.

**Note:** The data were obtained by ICP-AES at 6 hours postinjection in ApoE-KO mice models.

**Abbreviations:** ApoE-KO, apolipoprotein E knockout; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; ICP-AES, inductively coupled plasma atomic emission spectroscopy; PEG, polyethylene glycol.
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![Schematic illustration of the preparation of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs.\
**Abbreviations:** AuNPs, gold nanoparticles; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol; TEA, triethanolamine.](ijn-9-5575Fig1){#f1-ijn-9-5575}

![UV-vis spectra (**A**) and TEM image (**B**) of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs dispersed in water (pH =6.0) at room temperature (25°C).\
**Abbreviations:** DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol; TEM, transmission electron microscopy; UV-vis, ultraviolet--visible.](ijn-9-5575Fig2){#f2-ijn-9-5575}

![(**A**) UV-vis spectra of the HRBC suspensions treated with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs at different Au concentrations (100 μM \[3\], 200 μM \[4\], 300 μM \[5\], and 400 μM \[6\], respectively) and (**B**) hemolysis percentage of the Au DENPs as a function of the Au concentration.\
**Notes:** In both (**A**) and (**B**), H~2~O (1) and PBS (2) were used as positive and negative control, respectively. Inset of (**A**) shows the enlarged UV-vis spectra of samples 2--6.\
**Abbreviations:** DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; HRBC, human red blood cell; OD, optical density; PBS, phosphate-buffered solution; PEG, polyethylene glycol; UV-vis, ultraviolet--visible.](ijn-9-5575Fig3){#f3-ijn-9-5575}

![CCK-8 assay of the viability of macrophages treated with different \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENP concentrations for 24 hours (n=4).\
**Abbreviations:** CCK-8, cell counting kit-8; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol.](ijn-9-5575Fig4){#f4-ijn-9-5575}

![Representative microscope images of macrophages uptake of \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs in vitro with silver staining: (**A**) negative control cells without treatment with PEGylated Au DENPs; the cells were incubated with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs (at the \[Au\] concentrations of 100 μM (**B**) and 300 μM (**C**) for 4 hours).\
**Note:** Scale bar measures 100 μm.\
**Abbreviations:** DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol.](ijn-9-5575Fig5){#f5-ijn-9-5575}

![Representative immunofluorescence double staining images of F4/80 (red) and macrophages treated with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs (green) at the concentrations of (**A**) 1.0 μM, (**B**) 2.0 μM, (**C**) 3.0 μM, and (**D**) 4.0 μM for 4 hours; the nuclei were stained with DAPI (blue).\
**Note:** Scale bar measures 100 μm.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; GFP, green fluorescent protein; PEG, polyethylene glycol.](ijn-9-5575Fig6){#f6-ijn-9-5575}

![Representative micro-CT images of macrophages in atherosclerosis of ApoE-KO mice before and after intravenous injection with \[(Au^0^)~300~-G5.NHAc-FI-*m*PEG\] DENPs for 20 minutes and 2, 4, and 6 hours.\
**Notes:** (**A**) coronal plane, (**B**) sagittal plane, (**C**, **D**) transversal planes, and the corresponding 3D renderings of in vivo CT images (**E**, **F**). The yellow, white, and the red arrows point to the inferior vena cava vein, the renal vein, and the pulmonary vein of the mouse, respectively.\
**Abbreviations:** ApoE-KO, apolipoprotein E knockout; CT, computed tomography; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; PEG, polyethylene glycol.](ijn-9-5575Fig7){#f7-ijn-9-5575}

![Representative HE staining, silver staining, and CD68 staining of arteries in ApoE-KO mice and C57 control mice after intravenous injection with \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs for 6 hours.\
**Notes:** (**A**, **B**) HE staining; (**C**, **D**) silver staining; (**E**, **F**) immunohistochemistry for macrophages stained with a monoclonal antibody CD68. Scale bar measures 100 μm.\
**Abbreviations:** ApoE-KO, apolipoprotein E knockout; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; HE, hematoxylin and eosin; PEG, polyethylene glycol.](ijn-9-5575Fig8){#f8-ijn-9-5575}

![Representative images of HE staining, silver staining, and CD68 staining of main visceral organs in ApoE-KO mice after intravenous injection with \[(Au^0^)~300~-G5. NHAc-FI-*m*PEG\] DENPs for 6 hours.\
**Note:** Scale bar measures 100 μm.\
**Abbreviations:** ApoE-KO, apolipoprotein E knockout; DENP, dendrimer-entrapped gold nanoparticle; FI, fluorescein isothiocyanate; HE, hematoxylin and eosin; PEG, polyethylene glycol.](ijn-9-5575Fig9){#f9-ijn-9-5575}
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